Abstract: We experimentally demonstrate high-contrast, ultrafast switching of infrared light at 2.1 μm via intraband pumping of a high quality factor perfect absorber made from a highly doped cadmium oxide thin film. A good optical switch typically offers a large modulation depth, high modulation speed, and small footprint. In recent years, plasmonic-based optical switches have been considered a promising solution that could fulfill all these requirements. However, despite the sub-diffraction-limit size of many plasmonic cavities, realizing a plasmonic switch with large on/off ratio and ultrafast switching speed has remained challenging.
/ m ne p = ω . In the case of interband excitation, the modulation of ω p is achieved by increasing the electron density n; alternatively, using intraband optical pumping, one can modify the effective mass m* of the plasmonic material due to the non-parabolicity of its conduction band and the momentum-dependent effective mass ( ) k m m * * = . Notably, plasmonic switches based on intraband excitation in CMOs have been realized through modulation of the bulk plasmon resonance of gallium-doped zinc oxide (GZO) [3] or the localized surface plasmon resonance of indium-doped tin oxide (ITO) nanorods [4] at near-and mid-infrared frequencies. However, their modulation depths are hampered by the cavity design as well as the relatively large material ohmic loss.
Here, we report on a new plasmonic switch based on a dysprosium-doped cadmium oxide (CdO:Dy) Berreman type perfect absorber [5] . Benefiting from the perfect absorber cavity design and the low material loss, we are able to modulate the relative reflectance ( ΔR R ) of the cavity by 1100% on a sub-picosecond time scale, at a wavelength of around 2.1 μm. The CdO-based thin film perfect absorber is schematically shown in Fig. 1(a) and consists of a magnesium oxide (MgO) substrate, a 21.7-nm-thick doped CdO layer, and an optically thick gold capping layer. For the reflectance spectrum measurements, infrared light is incident on the CdO film from the substrate side. The CdO film is deposited on the (100) MgO substrate via plasma assisted molecular-beam epitaxy, with the gold layer sequentially deposited by electron-beam evaporation. The carrier density and mobility of the CdO film are retrieved from the ellipsometry measurements to be 2.6×10 20 cm -3 and 329 cm 2 V -1 s -1 , respectively, resulting in a zero-crossing of its permittivity at 2.176 μm. Note that the carrier density is tunable by changing the Dy flux ratio during the epitaxial growth, allowing its corresponding ω p to span from near-to mid-infrared frequencies. The exceedingly high electron mobility of the epitaxially grown CdO film, roughly an order of magnitude larger than conventional CMOs such as GZO and ITO, is a result from the sufficiently small substitutional lattice strain induced by Dy doping [6] . A large electron mobility implies small plasmon damping, which is of significance for an improved plasmonic cavity quality factor.
Reflectance spectra of the sample at incident angles ranging from 30° to 70° are obtained using an infrared spectral ellipsometer under free space excitation, and are shown in Fig. 1(b) . The minimum measured reflectance of the sample is 4% at an incident angle of 70° and a wavelength of 2.12 μm.
Next, we examine its transient response following optical excitation with pump-probe measurements. We use one beam from the idler output of an optical parametric amplifier (OPA) fed by a Ti: Sapphire amplified laser as the pump. The pump wavelength is tuned to 2.12 μm, and is p-polarized with an incident angle of 45° to allow resonant sample absorption. The probe beam is generated from another OPA fed by the same Ti: Sapphire laser, with its central wavelength tunable from 2 to 2.3 μm. The probe beam is also p-polarized, but at an incident angle of 70° to achieve minimum reflectance at 2.12 μm, and to spatially separate from the pump beam. The spectral bandwidth of the probe beam is large because of the ~50 fs pulse width of the OPA. Therefore, to accurately determine the change of absorption of the sample at different wavelengths after being reflected by the sample, the probe beam is sent through a monochromator prior to being detected by the photodetector.
To visualize the response, the pump-probe data are assembled into maps of the transient absorption change OD Δ , defined as ΔOD = − log 10 R R 0 ( ) , as a function of wavelength and delay time ( Fig. 1(c) ). In the map, the most prominent feature is a strong redshift of the perfect absorption resonance, manifested by a transient bleaching at 2.12 μm and an induced absorption at 2.22 μm. By taking into account the static reflectance of the sample and the OD Δ , we extract an absolute reflectance change from 4% to 45% at 2.12 μm and an absolute reflectance change from 61% to 5.8% at 2.22 μm. The physics underlying the redshift of the perfect absorption resonance is the increase of the ensemble-averaged m * of CdO upon intraband excitation. Due to the non-parabolicity of the Γ-valley of the conduction band of CdO, the m * of the photo-excited electrons is strongly dependent on the distribution function governed by the hot electron relaxation dynamics. The change in m * alters the ω p of CdO, and concomitantly the spectral position of the Berreman mode. To summarize, by taking advantage of a low loss plasmonic material (CdO) with a stringently designed Berreman mode plasmonic cavity, we manage to construct a high quality factor perfect absorber for the extremely high contrast dynamic tuning of the amplitude and polarization state of infrared light at a sub-picosecond time scale. We could also envision solid-state, electrically-addressable and high-contrast amplitude, phase or polarization modulators to be developed based on a similar platform.
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